The qualitative screening method used to select complex I mutants in the microalga Chlamydomonas, based on reduced growth under heterotrophic conditions, is not suitable for high-throughput screening. In order to develop a fast screening method based on measurements of chlorophyll fluorescence, we first demonstrated that complex I mutants displayed decreased photosystem II efficiency in the genetic background of a photosynthetic mutation leading to reduced formation of the electrochemical proton gradient in the chloroplast (pgrl1 mutation). In contrast, single mutants (complex I and pgrl1 mutants) could not be distinguished from the wild type by their photosystem II efficiency under the conditions tested. We next performed insertional mutagenesis on the pgrl1 mutant. Out of about 3000 hygromycin-resistant insertional transformants, 46 had decreased photosystem II efficiency and three were complex I mutants. One of the mutants was tagged and whole genome sequencing identified the resistance cassette in NDUFAF3, a homolog of the human NDUFAF3 gene, encoding for an assembly factor involved in complex I assembly. Complemented strains showed restored complex I activity and assembly. Overall, we describe here a screening method which is fast and particularly suited for the identification of Chlamydomonas complex I mutants.
INTRODUCTION
Mitochondrial oxidative phosphorylation (OXPHOS) is responsible for high and constant ATP production in cells. This process comprises five multiprotein complexes: four oxidoreductases and an ATP synthase (Mitchell, 1961) . Ubiquinone:NADH oxidoreductase (complex I) is the main entry point of electrons in the respiratory chain. It catalyzes NADH oxidation and couples ubiquinone reduction to proton pumping from the matrix side to the intermembrane space of the mitochondrion. It is the most complicated of the five complexes with a size of about 1000 kDa in various organisms, including mammals (Hirst, 2013) , Arabidopsis thaliana (Klodmann et al., 2010) and the green microalga Chlamydomonas reinhardtii (Cardol et al., 2004) . Complex I comprises 45 subunits in mammals (Hirst, 2013) , 49 in A. thaliana (Klodmann et al., 2010) and up to 47 subunits in C. reinhardtii (Cardol, 2011; Subrahmanian et al., 2016) . It has an L-shaped structure in all organisms investigated so far, with one hydrophilic arm protruding in the mitochondrial matrix and one hydrophobic arm embedded in the inner mitochondrial membrane. Fourteen of its subunits are considered to be the core of complex I, since all of them are present in the simplest form of complex I, the type-I NADH dehydrogenase of bacteria (Letts and Sazanov, 2015) . Three modules, P, Q and N, corresponding to functional units of complex I, are found. Module P comprises the seven core subunits ND1, ND2, ND3, ND4, ND4L, ND5 and ND6 corresponding to the membrane arm of the complex responsible for proton translocation. These subunits are generally encoded in the mitochondrial genome, although subunits ND3 (NUO3) and ND4L (NUO11) are encoded in the nuclear genome of C. reinhardtii . Module Q comprises the core subunits NUO10/NDUFS7/PSST, NUO8/NDUFS8/TYKY, NUO9/ NDUFS3/30 kDa and NUO7/NDUFS2/49 kDa subunits (according to the Chlamydomonas/human/bovine nomenclature), responsible for electron transfer to ubiquinone. Module N comprises the core subunits NUO5/NDUFV2/ 24 kDa, NUO6/NDUFV1/51 kDa and NUOS1/NDUFS1/ 75 kDa responsible for NADH-binding and oxidation. Modules N and Q make up the matrix arm of complex I and bear the prosthetic groups (eight Fe-S clusters, one flavin mononucleotide). In eukaryotes, the remaining subunits are called accessory subunits. Though not present in the bacterial type-I NADH dehydrogenase, studies have shown that impairments in several of these subunits lead to complete or partial defects in complex I activity and/or assembly (Hoefs et al., 2011; Szklarczyk et al., 2011; Stroud et al., 2013; Rak and Rustin, 2014; Kmita et al., 2015) . The structure of complex I at the atomic level is determined in the bacterium Thermus thermophilus (Berrisford et al., 2016) , the fungus Yarrowia lipolytica and in two mammalian species (Vinothkumar et al., 2014; Fiedorczuk et al., 2016; Zhu et al., 2016) , allowing a better understanding of the mechanisms of electron transfer and proton pumping. Analysis of the assembly of complex I in humans reveals a modular process, catalyzed by at least 14 assembly factors (S anchez-Caballero et al., 2016; Guerrero-Castillo et al., 2017) . Our knowledge of the assembly of complex I in photosynthetic organisms is more limited. Out of the 14 assembly factors described in humans, 11 have putative homologs in A. thaliana (Subrahmanian et al., 2016) but only one homolog has been functionally analyzed, namely IND1 (homolog of human NUBPL). Unlike its human homolog, which has been suggested to participate in the assembly of Fe-S clusters (Sheftel et al., 2009) , IND1 is implicated in mitochondrial translation (Wydro et al., 2013; reviewed in Subrahmanian et al., 2016) . In addition, an assembly factor which is not conserved in humans has also been described: L-galactono-1,4-lactone dehydrogenase, which catalyzes the last step of ascorbate biosynthesis, has been shown to be necessary for the assembly of the membrane arm of complex I in A. thaliana (Schimmeyer et al., 2016) . In addition, a gamma carbonic anhydrase module is present in complex I of land plants (Sunderhaus et al., 2006; Klodmann et al., 2010; Fromm et al., 2016) , green microalgae (C. reinhardtii) (Cardol et al., 2004) , euglenozoa (Euglena gracilis) (Perez et al., 2014) and Acanthamoeba sp (Gawryluk and Gray, 2010 ). This module is attached to the proximal part of module P in land plants (Sunderhaus et al., 2006; Klodmann et al., 2010; Fromm et al., 2016) . This implies that the assembly of complex I should follow a different pattern from that found in humans, at least for the attachment of these subunits to complex I. In fact, the carbonic anhydrase subunits of the module seem to be crucial for the early steps of assembly of complex I in A. thaliana (Fromm et al., 2016) .
Chlamydomonas reinhardtii constitutes a convenient model organism for examining the assembly of complex I. Indeed complex I mutants can be obtained and easily survive in phototrophic (light + minimal medium) and mixotrophic (light + acetate) conditions as photosynthesis is weakly affected (Cardol et al., 2003) . In heterotrophic conditions (acetate + dark), complex I mutants show a partial growth deficiency phenotype (reviewed in Salinas et al., 2014) . This phenotype has already allowed successful screening of complex I mutants (Remacle et al., 2001; Barbieri et al., 2011) . However, this method is not adapted for high-throughput screening because it is fastidious: growth analysis cannot be directly made on the transformation plates and requires subsequent transfer of the colonies to additional Petri dishes where growth in the dark can only be analyzed after 10-15 days. In addition, obtaining a quantitative criterion of 'growth in the dark' would require transfer of the colonies into liquid cultures, which would be even more time-consuming. With the objective of discovering the proteins involved in biogenesis of complex I, a high-throughput and quantitative method is thus required in order to isolate complex I mutants that could conserve a residual activity and potentially represent interesting assembly intermediates.
Photosynthesis and respiration are linked by common metabolites such as NAD(P)H and ADP/ATP, and tight interaction between the two processes has been demonstrated in Chlamydomonas. For instance, cells lacking the STT7 kinase, and thus defective for state transitions, do not show any visible growth phenotype unless they are associated with respiratory deficiencies comprising lack of complex III or complex I and III activities (Cardol et al., 2009; Massoz et al., 2015) . This argues for the recruitment of mitochondria in stt7 mutant cells to provide extra ATP for photosynthesis in the absence of state-transition-driven cyclic electron flow (CEF; Cardol et al., 2009) . This indicates that mitochondrial activity compensates for the lack of STT7, and opens the possibility of using photosynthesis as a fast and non-invasive probe of mitochondrial activity in the stt7 genetic background.
Previously, we explored the possibility of screening for mutants impaired in respiration by measuring the activity of photosystem II (PSII) from fluorescence analysis (the photochemical yield of PSII in the dark and in the light) using the state-transition-deficient (stt7-9) strain mentioned above as a recipient for insertional mutagenesis. This screening procedure allowed the isolation of mutants severely impaired in respiratory metabolism but was not stringent enough to reveal complex I mutants (Massoz et al., 2015) .
In order to perform complex I screening there is the need for a genetic background in which the interaction between photosynthesis and complex I is even more intricate. In this respect, a Chlamydomonas mutant inactivated in chloroplastic proton gradient-related 1 (PGRL1) protein which is affected in CEF, a process that generates extra ATP in the chloroplastic ATP pool (Tolleter et al., 2011) , displays a light-driven increase of mitochondrial respiration and altered photosynthesis in the presence of mitochondrial inhibitors (Dang et al., 2014) . To determine if the pgrl1 strain could be more suitable for isolating complex I mutants than the stt7 mutant cited above, we first demonstrated that a complex I pgrl1 double mutant displays reduced photosystem II efficiency (ΦPSII). This allowed the creation of a small-scale insertional library using the pgrl1 mutant as the recipient strain and the characterization of a complex I assembly mutant after in vivo fluorescence screening.
RESULTS
In a pgrl1 background, the chlorophyll fluorescence parameter ΦPSII can be used to reveal complex I mutations In order to investigate if the pgrl1 mutation could be used as a genetic background to isolate complex I-deficient mutants on the basis of a chlorophyll fluorescence phenotype, we crossed Dnd4 mt À with pgrl1 mt + and selected a Dnd4 pgrl1 double mutant. The Dnd4 mutation is a 69-bp deletion affecting the early start of the nd4 gene and causing an assembly defect of complex I, with the accumulation of a subcomplex that is 250-kDa smaller than the wild-type (WT) complex I . The pgrl1 mutant is an insertional mutant bearing a paromomycin resistance (Pm R ) cassette in PGRL1 (Tolleter et al., 2011) . The photosynthetic parameters of the Dnd4 pgrl1 double mutant were then assessed to uncover the best conditions in which the pgrl1 background would allow discrimination of the double mutant from the parental strains.
We first tested variations of the F V /F M (the quantum yield of PSII in the dark) and ΦPSII (the quantum yield of PSII in light-adapted cells) parameters as they are quick and easy to measure by imaging methods directly on agar plates and would represent ideal parameters for a mutant screen. Colonies of the four strains (Dnd4, pgrl1, Dnd4 pgrl1 and WT) were grown on agar plates for 2 days under mixotrophic conditions and moderate light (50 lE m À2 sec À1 ) prior to measurements. When F V /F M was directly measured on colonies adapted to their light growth conditions (50 lE m À2 sec À1 ), the Dnd4 pgrl1 double mutant had a very low F V /F M compared with the other strains ( Figure 1a ). However, this difference slowly disappeared after longer adaptation to the dark. This result indicated that the initial difference was a remnant of the different physiology of the cells of the Dnd4 pgrl1 double mutant under light growth conditions and not due to a difference in the maximal efficiencies of PSII per se. Therefore, we reasoned that photosynthetic measurements for light-adapted cells could be used to discriminate the Dnd4 pgrl1 mutant from its parental strains. To check this point, we established a light saturation curve for the ΦPSII parameter ( Figure 1b) . In this experiment, the Dnd4 pgrl1 double mutant exhibited a decreased ΦPSII compared with the WT, single pgrl1 or Dnd4 strains. For instance, the Dnd4 pgrl1 double mutant showed a 42% decrease in ΦPSII at 240 lE m À2 sec À1 . This difference can be easily detected by a camera that records the chlorophyll fluorescence (>685 nm) of the colonies and further visualized once the ΦPSII calculated for the whole picture is converted into false colors ( Figure 1c ). Altogether, these results confirmed the high efficiency of ΦPSII-based fluorescence screening of complex I mutants in a pgrl1 background.
Insertional mutagenesis using pgrl1 as the recipient strain for transformation allows the isolation of complex I mutants
We then proceeded to random insertional mutagenesis on the pgrl1 strain using the hygromycin cassette as a selection marker and selected 3059 insertional transformants resistant to hygromycin (Hyg R ) after 2-3 weeks' growth ( Figure 2a ). Transformants were transferred and sorted on TAP (TRIS-acetate-phosphate) medium plates and then subjected to a primary screen based on their ΦPSII on an agar plate at 240 lE m À2 sec À1 . As the ΦPSII value for the WT was 0.59 AE 0.05 (Figure 1b ), we selected transformants with a ΦPSII significantly lower than the WT value as candidate respiratory-deficient mutants (ΦPSII < 0.5). In order to avoid defects that are too pronounced, we decided that the lowest selected ΦPSII value would be 0.2 since the Dnd4 pgrl1 mutant exhibited a ΦPSII value of 0.34 AE 0.012 ( Figure 1b ). We could obtain 46 transformants showing ΦPSII values between 0.2 and 0.5 (as exemplified in Figure 2a) . These candidate respiratory-deficient mutants were then submitted to a secondary screen based on their NADH:Fe(CN) 6 3À oxidoreductase activity (NADH:FeCN activity) on crude membrane fractions. The NADH dehydrogenase activity of the hydrophilic domain of complex I is the main contributor to NADH:FeCN activity in Chlamydomonas crude membrane extracts (Remacle et al., 2001) . Indeed, only 15% of this activity remained in the Dnd4 pgrl1 mutant (Table 1) , which can be attributed to type-II NADH dehydrogenases of chloroplastic and mitochondrial origin (Terashima et al., 2010; Lecler et al., 2012) . Three transformants, respectively named M1, M2 and M3, displayed lower NADH:FeCN activity than the pgrl1 recipient strain but higher than that of the Dnd4 pgrl1 mutant (Table 1) . Complex I mutants in C. reinhardtii typically show increased complex II+III activity and no change in complex IV activity (Remacle et al., 2001; Cardol et al., 2008) . This can also be observed for the M1 and M3 transformants (Table 1 ). In the M2 mutant, however, no significant increase in complex II+III activity was observed while complex IV activity was decreased by about 55%. These results suggest that while the M1 and M3 strains are bona fide partially affected complex I mutants, the M2 strain seems to be affected partially for its whole respiratory chain. 
Co-segregation analysis shows that the M1 strain is the only tagged transformant
To assess the co-segregation between hygromycin resistance (Hyg R ) and complex I mutations, the WT (mt + hygromycin-and paromomycin-sensitive strain) and the three complex I pgrl1 double mutants (mt À hygromycin-and paromomycin-resistant, M1, M2 and M3) were crossed and random spore analysis was performed to analyze meiotic segregation. Unfortunately, crosses between WT and M2 did not produce any meiotic progeny. From the crosses with the M1 and M3 strains, 450 and 200 descendants, respectively, were analyzed ( cassette. We measured its complex I activity using NADH: FeCN activity. As shown in Figure 3 
0 deprived of the pgrl1 mutation displayed the same complex I deficiency as in the presence of pgrl1, while the photosynthetic deficiency was lost upon removal of pgrl1.
Phenotypical and biochemical analyses reveal that the M1 transformant is a typical complex I mutant
We then assessed the growth phenotype of the double mutants by drop tests under mixotrophic and heterotrophic conditions in comparison with the control strain (pgrl1) (Figure 2c ). The M3 strain did not show any detectable growth phenotype, probably because the decrease in activity of complex I (Table 1) was too low. M1 showed moderately reduced growth in both conditions. The 'slow growth in the dark' phenotype of M1 under heterotrophic conditions was typical of complex I mutants (Salinas et al., 2014) . Growth of the M2 strain was severely reduced in the light, suggesting a strong defect in these conditions, while growth in the dark was less reduced than that of the M1 strain ( Figure 2c ). To confirm the complex I phenotype, 100 lg of protein complexes from crude membrane extracts of each strain were solubilized with b-dodecylmaltoside and submitted to Blue-Native polyacrylamide gel electrophoresis (BN-PAGE) (Figure 4) . A photosynthetic complex at the bottom of the gel served as loading control. Dimeric ATP synthase (V 2 ) was detected at the top of the gel as well as supercomplex I+III 2 , which has already been found in Chlamydomonas (Cardol et al., 2008) . In-gel NADH/NBT oxidoreductase activity revealed that complex I of the three transformants migrated at the same level as the control strain, and that the intensity of the staining followed the order M1 < M2 < M3 = pgrl1, which is in good agreement with results of Table 1 except that the small defect of M3 detected in Table 1 cannot be seen by in-gel staining.
Whole genome sequencing of the M1 strain identifies the insertion of the resistance cassette in the NDUFAF3 gene In order to identify the molecular lesion responsible for the phenotype of the only tagged mutant (M1), we amplified genomic DNA flanking the hygromycin cassette using thermal asymmetric interlaced (TAIL)-PCR (Dent et al., 2005) . The amplified PCR products were sequenced, revealing two consecutive hygromycin cassettes and leading to the inability to identify the flanking regions.
In order to identify the mutation in the M1 mutant, we then decided to take advantage of the combination of bulked segregant analysis (Giovannoni et al., 1991; Michelmore et al., 1991) and next-generation sequencing technologies (NGS). This method requires the sequencing of a pool of mutant meiotic products obtained by a cross between the mutant strain and a WT reference and the identification of the causative region by deep sequencing ( Figure S1 ). This method has been successfully applied to various organisms, including macroalgae (Billoud et al., 2015) . We first isolated 50 Hyg R descendants by crossing the M1 mt À strain with WT mt + . These Hyg R meiotic products were sequenced as a single pool sample based on the fact that all Hyg R individuals bear the mutated locus responsible for the complex I defect while the genomic environment may vary due to random insertion of a non-functional hygromycin cassette or carrier DNA.
Genome de novo assembly of the mutant pool yielded 15 364 scaffolds. We identified fragments of the hygromycin cassette at the extremity of only two scaffolds (121 and 2306), both mapping adjacently on chromosome 12 of the reference Chlamydomonas genome assembly v.5.0 available on Phytozome, which defined the insertion site in the genome of the M1 strain ( Figure S2 ). This insertion is located inside the second exon of the Cre12.g496800 gene at position 393 from ATG (Figure 5a ). The inserted DNA is actually made of at least two consecutive cassettes. The first one, most likely functional, is almost complete and the second one, in the opposite direction, is lacking the promoter region up to the first intron. The 3 0 ends of the two cassettes do not properly match, leading to the conclusion that additional DNA is likely to be present in between. PCR amplifications were then performed (Figure 5b ). The amplification product using primers located in exon 2 (AF-F) and exon 3 (AF-R) gave a fragment of the expected size (707 bp) in the reference pgrl1 strain while no product was found in M1, probably because the fragment is too long. In contrast, an amplification product of the expected size (490 bp) was found in M1 using AF-F and a primer specific for the cassette (APH7-R4), while no product was found in pgrl1 (Figure 5b ), which indicated that the M1 strain indeed possesses a cassette at the position identified by NGS. Finally, an amplification product of the expected size (246 bp) was found in both strains using primers AF-1F and AF-1R located in exon 3, a region not affected by the cassette. As shown in Figure 5 (c), no product was found by RT-PCR using primers AF-F and AF-R, which strongly suggests the absence of expression of Cre12.g496800 in the M1 mutant.
The Cre12.g496800 gene product is annotated in Phytozome v5.5 of the Chlamydomonas genome as 'NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 3 (NDUFAF3)'. NDUFAF3 is an assembly factor of complex I functionally characterized in Homo sapiens and Caenorhabditis elegans (Saada et al., 2009; Van Den Ecker et al., 2012; Baertling et al., 2017) . The alignment of Chlamydomonas NDUFAF3 amino acid sequence with NDUFAF3 (H. sapiens), NUAF3 (C. elegans) and assembly factor 3 from various organisms indicates that all the seven proteins share a conserved region corresponding to position 7 and position 112 of the Chlamydomonas protein ( Figure 6 ).
To further confirm that the insertion in NUDFAF3 is responsible for the complex I deficiency phenotype, complementation experiments were performed. We first tried to amplify a genomic sequence of 2737 bp, comprising 200 bp of the promoter sequence, the entire genomic sequence and 286 bp of the 3 0 untranslated region (UTR). Unfortunately, despite several attempts, PCR amplifications failed. The analysis of the sequence revealed that the two introns are GC-rich, which probably explains our inability to amplify the region. We thus synthesized in vitro a sequence of 1578 bp, comprising 200 bp of the promoter region, the 5 0 UTR, the three exons, and 486 bp of the 3 0 UTR (86 bp after the first polyadenylation site, TGTAA; Bell et al. 2016 ). The first intron was replaced by the first intron of the RBCS2 gene (Berthold et al., 2002) (Figure S3 ). We co-transformed the ndufaf3 mutant deprived of the pgrl1 mutation using the synthetic construct and Pm R as a selection marker (see Experimental Procedures for details). Out of 39 paromomycin-resistant transformants, four
... possessed the synthetic NDUFAF3 gene ( Figure S4 ). Crude membrane extracts of three of them were prepared as described in 'Phenotypical and biochemical analyses reveal that the M1 transformant is a typical complex I mutant' and separated by BN-PAGE. Figure 5(d) shows that the three complemented strains analyzed presented restored complex I activity and assembly.
Inactivation of the NDUFAF3 gene in the M1 transformant leads to a reduced number of subunits in module Q while the number of subunits in module N is unchanged
We next investigated the consequences of the loss of NDU-FAF3 on the steady-state levels of subunits of complex I by Western blotting. This analysis showed a decreased number of NUO7 and NUO8 subunits of module Q (Figure 5e ). In contrast, the number of NUOS1 subunits in module N (the bovine 75 kDa subunit) was not affected by the NDU-FAF3 mutation. Complemented strains presented the same pattern as the control strain, showing that complementation of the mutation is effective.
DISCUSSION
Here we investigated the possibility of isolating mutants deficient in respiratory complex I based on their altered chlorophyll fluorescence profile in a pgrl1 background. The pgrl1 mutant, affected in CEF, is able to grow normally in most conditions but is unable to adapt its photosynthesis to compensate for a sudden inhibition of mitochondrial function upon addition of myxothiazol (complex III inhibitor) (Dang et al., 2014) , meaning that a larger proportion of the cellular energetics relies on mitochondrial activity when PGRL1 is absent. In this work we show that a complex I mutation can be associated with the pgrl1 mutation, leading to a decreased PSII efficiency, and that such phenotype can be used to screen for complex I mutants. The decreased PSII efficiency probably involves complex mechanisms relying on the interdependence between mitochondria and chloroplasts. A tentative explanation is proposed below. In the double mutant impaired in CEF and complex I, NADH oxidation by the respiratory chain is restricted to type-II NADH dehydrogenase (Lecler et al., 2012) . This would lead to an excess of NADH and decreased ATP production in the mitochondria. In addition, the double mutant cells cannot increase their chloroplastic ATP production due to the pgrl1 mutation which alters CEF. Overall, both mutations cause a decrease in the ATP/ NAD(P)H ratio below the value of 1.5 needed for the Calvin cycle to work properly (Allen et al., 2002) , which in turn has a negative impacts on the photosynthetic electron transport rate and PSII efficiency. In this respect, it is worth remembering that the stt7 background is not suitable for the isolation of complex I mutants because photosynthesis in the corresponding double mutant is weakly affected (Massoz et al., 2015) . The ΦPSII parameter is chosen because it can be measured easily on colonies grown on agar plates by using an appropriate chlorophyll fluorescence imaging system (Johnson et al., 2009 ) while displaying significant differences between the WT and double mutants. During our screening we could isolate three complex I deficient strains from the 3059 screened transformants. These three complex I mutants represent 0.13% of the total number of transformants, which is the same range as in previous analyses (about 0.1%, Massoz et al., 2015 ; about 0.02%, Barbieri et al., 2011) .
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Despite several attempts, the M2 mutant could not be crossed, which rules out any further molecular analysis. Its phenotypic analysis reveals that this is the most affected mutant in the light whereas its growth under heterotrophic conditions is mildly affected, with reduced respiratory activities of complex I and complex IV. The untagged M3 mutant shows a 25% decrease in NADH:FeCN activity. This decrease is not important enough to show any growth phenotype and could not be detected by BN-PAGE. The M3 mutant could nevertheless be detected using fluorescence measurements since complex I deficiency is associated with the pgrl1 mutation in this strain. These data suggest that our fluorescence screening is indeed able to detect moderate deficiencies of complex I that probably escaped our attention in previous screening approaches based on heterotrophic growth. Future work should focus on the identification of the mutation responsible for the decreased complex I activity in the M3 mutant.
Since the M1 mutation is tagged with the hygromycin cassette, we sequenced the DNA of a pool of meiotic products to identify the mutation. As the number of meiotic products in the sequenced pool was sufficient, all the differences between the individuals were equalized except for the insertion responsible for the complex I phenotype. Combining classical segregation analyses ( Figure 3a , Table 2 ) with this genomic approach unambiguously establishes that the complex I phenotype is caused by a single insertion site located in the NDUFAF3 (Cre12.g496800) gene. In addition, the functional complementation of the ndufaf3 mutant with the corresponding gene further confirmed that the insertion of a Hyg R cassette in the NDUFAF3 gene is responsible for the observed complex I phenotype. CrNDUFAF3 shares 22% identity and 36% similarity with HsNDUFAF3, which is proposed to be involved in the stability of module Q and/or the binding of modules Q and P (S anchez-Caballero et al., 2016; Baertling et al., 2017; Guerrero-Castillo et al., 2017) . Indeed, no accumulation of subunits of modules Q and N is detected while accumulation of subunits of module P is found in fibroblasts of pathogenic variants . Our results show that the inactivation of CrNDUFAF3 leads to a strong reduction in proteins of module Q (NUO7 and NUO8). As NUO7 and NUO8 subunits occur in reduced amounts, this suggests that ndufaf3 mutants can still partially assemble module Q and thus produce small amounts of fully active complex I as shown by BN-PAGE. We could not investigate the fate of module P, as no antibodies against its hydrophobic subunits are available for C. reinhardtii. In contrast, the amount of the NUOS1 subunit of module N is not affected. The situation in Chlamydomonas would thus be slightly different from that in humans as far as module N is concerned, although human pathogenic variants are not similar to knock-out mutants. Future work should decipher which complex I modules are associated with CrNDUFAF3. Overall, here we have described a screening method especially suited for the isolation of complex I mutants, where the pgrl1 mutation acts as a revealing filter. This allowed the identification of an assembly factor involved in complex I biogenesis. Our approach should greatly facilitate the discovery of the remaining assembly elements involved in the biogenesis of complex I in green microalgae, although our method could not be easily applied to other photosynthetic organisms such as land plants where the level of multicellularity excludes fluorescence screening on agar plates.
EXPERIMENTAL PROCEDURES Strains
All strains were derived from the 137C strain from the Chlamydomonas collection. The 4A mt + strain (WT+) (Dent et al., 2005 ) was used as the reference strain in all experiments unless otherwise stated. The pgrl1 mutant was produced by crossing the original pgrl1 paromomycin-resistant mutant (Tolleter et al., 2011 ; gift from Dr G. Peltier, CEA Cadarache) with the WT strain from our collection. A complex I Dnd4-deficient mutant was crossed with a pgrl1 mutant to produce the Δnd4 pgrl1 double mutant (strain collection number 1128). Cells were cultivated on solid TAP medium at 50 lE m À2 sec
À1
. Double mutants were maintained at 30 lE m À2 sec
.
Genetic analyses
Genetic analyses were performed by random spore analysis as described by Duby and Matagne (1999) . Zygotes were matured during 3 days on nitrogen-free medium under continuous light. Zygote germination was induced by transferring blocks of agar containing about 50 zygotes on fresh TAP (nitrogen-replete) medium. Blocks of agar were treated for 30 sec with chloroform vapors to kill vegetative cells and kept under moderate light for a week. The paromomycin and Hyg R of meiotic products was tested on TAP agar medium with the addition of 25 lg ml À1 of hygromycin or 10 lg ml À1 of paromomycin. The fluorescence phenotype was assessed as described below.
Transformation
For insertional mutagenesis, cells of the pgrl1 mutant were cultivated in a 12 h dark-12 h light (50 lE m À2 sec
À1
) cycle 3 days prior to transformation and harvested at the start of the light cycle in order to avoid aggregates. Insertional mutagenesis on the pgrl1 strain was performed as described in Barbieri et al. (2011) using twice the number of cells per transformation (5 9 10 7 cells). Cells were electroporated in presence of 0.5 lg of 1.7-kb PCR product conferring resistance to hygromycin B (APHVII gene) and 1 ll of herring sperm (concentration 10 mg ml
). The APHVII gene includes the coding region for aminoglycoside phosphotransferase of Streptomyces hygroscopicus leading to hygromycin B antibiotic resistance under the control of the C. reinhardtii b2 tubulin promoter and 3 0 UTR of RBCS2. The APHVII gene also includes the first intron of Chlamydomonas RBCS2 (Berthold et al., 2002) . Transformants were selected in the light (40 lE m À2 sec À1 ) on TAP agar medium supplemented with hygromycin B (25 lg ml
) for an incubation period of 2-3 weeks. Transformants were then transferred onto solid TAP agar medium prior to fluorescence analysis.
For complementation experiments, 2.5 9 10 7 cells of the ndufaf3 mutant deprived of the pgrl1 mutation were co-transformed with 3 lg of the pSL18 plasmid containing the APHIII gene encoding resistance to paromomycin (Dep ege et al., 2003) and 5 lg of a pUC18-derived plasmid containing the synthetic NDUFAF3 gene ( Figure S3 ). Transformants were selected on TAP + paromomycin (10 lg ml À1 ) after incubation for 9 days in the dark, 4 days in low light (5 lE m À2 sec
) and 5 days in control light (50 lE m À2 sec À1 ).
Molecular analyses
Total DNA was extracted using the procedure of Newman et al. (1990) . PCR amplifications were performed according standard protocols using Taq polymerase (Promega, http://www.promega.c om/). Amplification of an insertion-linked sequence by TAIL-PCR was performed as described previously (Dent et al., 2005) using AD1, AD2 (Liu et al., 1995) , RMD227 and RMD228 (Dent et al., 2005) as non-specific primers. For APHVII, the specific primers for primary, secondary and tertiary reactions were respectively APH7-R3 (5 0 -AGAATTCCTGGTCGTTC-CGCAG-3 0 ), APH7-R4 (5 0 -TAGGAAT CATCCGAATCAATACG-3 0 ) and APH7-R5 (5 0 -CGGTCGAGAAGTAA-CAGGG-3 0 ) at the 5 0 end and HygTerm1 (5 0 -CGCGAACTGCTCG CCTTCACCT-3 0 ), HygTerm2 (5 0 -TCGAGGAGACCCCGCTGGATC-3 0 ) and HygTerm3 (5 0 -CGATCCGGAG-GAACTGGCGCA-3 0 ) at the 3 0 end of the coding sequence of the cassette. The PCR products were sequenced by Beckman Coulter Genomics (http://www.bec kmangenomics.com/) and aligned to the Chlamydomonas genome sequence database (v.5.5 on Phytozome v.11.0). Primers AF-F (5 0 -TGCCGGGCTCTGTGTTGGTGTCG-3 0 ), APH7-R4, AF-R (5 0 -TGCGCGTCTGGCAGGTTCTCG-3 0 ), AF-1F (5 0 -CCACCGGCTACTT-CAACGTG-3 0 ) and AF-1R (5 0 -TCCCGCCTCATCAGATGGT-3 0 ) were used for PCR analysis. The RT-PCR analyses were performed according to standard protocols. Primers AF-F and AF-R were used to produce and amplify NDUFAF3 cDNA. P1Tub (5 0 -AACACCTTCTTCTCGGAGAC-3 0 ) and P2Tub (5 0 -GAGCTGAGCAT-GAAGTGGAT-3 0 ) were used to produce and amplify a tubulin cDNA. Synthetic NDUFAF3 was synthesized by ATG Biosynthetics (http://www.atg-biosynthetics.com).
Biophysical analyses
Prior to measurements, colonies were grown on a plate in TAP medium for 2 days under low light (50 lE m À2 sec
À1
). In vivo chlorophyll fluorescence measurements at room temperature (23°C) on solid medium was performed using a fluorescence camera (paradigm camera speedzen, BeamBio) (Johnson et al., 2009) . Actinic light was provided by green LEDs peaking at 520 nm and the intensity used for the ΦPSII screening was 240 lE m À2 sec
. For the determination of light saturation curves, ΦPSII was measured at several light intensities, ranging from 0 to 420 lE m À2 sec
. Upon illumination, the fluorescence yield increased from a basal value (F 0 ) to reach a steady-state value (F S ) measured after 3 min of illumination. Then a saturating pulse was given to fully reduce PSII acceptors and reach the maximal fluorescence yield (F M ). These three values allowed the calculation of the maximal quantum yield of PSII photochemistry [ (Kitajima and Butler, 1975; Genty et al., 1989) .
Growth analysis
Drop tests were performed on solid medium starting with cultures at Abs 750 = 0.02 and Abs 750 = 0.05 cell densities for mixotrophic and heterotrophic conditions, respectively. Plates were observed after 4 days in the light or 9 days in the dark.
Biochemical analyses
Crude membrane fractions were recovered by sonication (Remacle et al., 2001) . Protein amounts were determined using the Bradford assay method (Bradford, 1976) . NADH:ferricyanide activity, complex II+III and complex IV activities were measured as described (Remacle et al., 2001; Cardol et al., 2002) . BN-PAGE and the subsequent staining of the gel by NADH/NBT (nitroblue tetrazolium) was done as previously published (Cardol et al., 2002) . Membrane solubilization was performed using b-dodecylmaltoside (1.5%, v/ v). Western blots were performed using standard protocols. Antibodies against NUO8 (GenScript, https://www.genscript.com/), NUO7 (GenScript) and NUOS1 (GenScript) were used at 1/5000 dilution. Antibodies against AOX (a gift from Dr S. Merchant, UCLA) were used at 1/25 000 dilution.
Sequencing
The pool of hygromycin resistant (Hyg R ) meiotic products was obtained by crossing WT mt + with the M1 mt À mutant. The DNA of 50 Hyg R meiotic products was individually extracted as described in Blaby et al. (2013) . DNA concentrations were then measured and DNAs pooled together in equal amounts for sequencing. Preparation of a genomic DNA library (TruSeq DNA PCR-Free) and Illumina Sequencing (PE 2 9 75 on a NextSeq500 machine) were performed at the GIGA-R Sequencing platform (University of Li ege) following manufacturer's protocol (Illumina Inc., https://www.illumina.com/). Read quality was assessed using FastQC (v.0.10.1) and quality trimming and removal of adapters was conducted using Trimmomatic (v.0.32; Bolger et al., 2014) with the following parameters: trim bases with quality score lower than Q20 in 5 0 and 3 0 of reads; remove any reads with Q < 20 in any sliding window of 10 bases; crop three bases in 3 0 of all reads, discard reads shorter than 72 bases and retain paired reads only. Overall quality filtering discarded between 13% and 18% of the raw reads, and yielded 296.6 Mio quality-filtered paired-end reads (about 1789 coverage). De novo assembly of the Hyg R pool was obtained using Velvet (v.1.2.10; Zerbino and Birney, 2008) , with the following parameters: -clean yes -exp_cov 30 -cov_cutoff 0.316, to yield 20 892 contigs (N50 = 25 517 bp). The contigs were further scaffolded using all quality-filtered reads with SSPACE (v.3.0; Boetzer et al., 2011) , to yield 15 364 scaffolds (N50 = 33 720 bp). 
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